Abstract. Both geophysical and geochemical evidence suggests the presence of along-axis asthenospheric flow toward the Australian-Antarctic Discordance (AAD) beneath the Southeast Indian Ridge (SEIR). We use a three-dimensional, finite-volume formulation of viscous flow to investigate the structure of asthenospheric motion beneath the SEIR. Our results show that simple continental separation in either a constant-or variable-viscosity mantle without horizontal temperature gradients is unable to reproduce the inferred asthenospheric flow velocities and observed geographic distribution of the "Indian" and "Pacific" upper mantle isotopic provinces. The presence of a cooler, more viscous mantle directly beneath the AAD is necessary to reproduce observed constraints. High viscosities beneath the AAD induce significant along-axis flow beneath the neighboring SEIR that advects warmer material over the cooler, more viscous mantle. In passive flow models, a temperature anomaly of about 300øC at a 400-km depth is required. Simulations that include the effects of buoyancy forces reduce the required temperature anomaly to 100ø-200øC, a result in good agreement with other estimates of the regional temperature anomaly. These models also match observed near-axis variations in residual depth and crustal thickness. In both passive and buoyant simulations, the presence of high-viscosity (cooler) upper mantle beneath the AAD results in reduced upwelling, consistent with low extents of decompressional melting inferred from geochemical and geophysical constraints. Along-axis flow acts to subdue temperature variations within the melting region relative to the deeper mantle and results in a temperature inversion in the subaxial asthenosphere. This effect may also reduce the variations in geochemical parameters such as Na8.0 and Fe8.0 with axial depth below those observed in global correlations.
Various methods have been used to estimate the temperature anomaly beneath the AAD. Forsyth et al. [1987] report that beneath the AAD Rayleigh wave phase velocities in the 20-to 100-s range are significantly faster than for regions of comparable age in the Pacific. The difference of about 0.35 km s -1 can be modeled by a mantle temperature difference of less than 100øC and a change in melt fraction of about 8% [Forsyth, 1992] . Kuo [1993] jointly inverts geoid and topography anomalies of the SEIR and suggests a temperature anomaly of 80 ø and 250øC beneath the AAD for layers extending to depths of 300 and 100 km, respectively. West et al. [1994] estimate a 50 ø to 100øC variation between segments in the western portion of the AAD and regions of the SEIR immediately to the east, using topographically corrected satellite gravity data and numerical models of mantle flow and melt generation. Isostatic a/'guments generally fall within the range of 85 ø to 150øC [Hayes, 1988 [1990, 1991] suggested that the upper mantle beneath the axis of the SEIR is currently downwelling beneath the AAD, based upon the The unusual geophysical features of the AAD and surrounding SEIR are associated with a sharp discontinuity in the Sr, Nd, and Pb isotopic signatures of SEIR lavas. This marks the boundary between "Indian" and "Pacific" mid-ocean ridge basalt (MORB) source upper mantle provinces [Klein et al., 1988; Pyle et al., 1992 Pyle et al., , 1995 . This transition in isotopic signature is presently located near a transform offset of the SEIR between 126.5 ø and 127øE and extends over less than about 70 km along axis [Pyle et al., 1992] . Off-axis samples dredged from 3-4 Ma seafloor in the easternmost AAD spreading segment record the presence of Indian MORB mantle beneath a segment that is now erupting lavas with Pacific type isotopic characteristics [Pyle et al., 1992] . This change in mantle source signature implies that Pacific mantle has migrated westward beneath the easternmost AAD spreading segment at a minimum rate of 25 mm yr-1 for the last 3-4 Myr [Pyle et al., 1992 [Pyle et al., , 1995 Although the off-axis data described above are not conclusive [Pyle et al., 1995] 
Geophysical Constraints
Marks et al. [1990, 1991] calculated residual depth anomalies for this region of the Southern Ocean and showed that anomalous seafloor can be traced in a "V"-shaped pattern into both the Australian and Antarctic continents (Figure 4) . In addition to suggesting the presence of cooler upper mantle temperatures and/or thinner crust, the V shape of the residual depth anomaly indicates westward motion within the mantle [Marks et al., 1990 [Marks et al., , 1991 . Marks et al. [ 1991 ] suggest the off-axis symmetry reflects westward migration of the source of the residual depth anomaly with respect to the axis of the SEIR during the opening of the Southern Ocean (Figure 4) . This, in turn, has been interpreted to reflect along-axis asthenospheric flow at a rate of between 15 and 25 mm yr -1 that advects the depth anomaly source toward the AAD from the east [Marks et al., 1990] . 
Method
We study passive and buoyant asthenospheric flow due to continental separation in a constant-and variable-viscosity upper mantle using a three-dimensional, finite-volume formulation of viscous fluid flow based on the Semi-Implicit Method for Pressure-Linked Equations ShorTened (SIMPLEST) algorithm [Patankar, 1980] . In order to make the problem tractable, we approximate the separation of the Australia and Antarctica continents by diverging blocks in constant-and variable-viscosity mediums along a four-segment rift, representing the SEIR ( 
Governing Equations
The equations for Newtonian, incompressible convection solved by our algorithm are the equations of continuity, momentum, energy, and conservation of a passive tracer: (2) is dropped. Equations of the form of (4), in which the associated Peclet number approaches infinity, are associated with numerical diffusion when flow is oblique to control volume faces [Patankar, 1980] . In our models, we have attempted to minimize numerical diffusion by orienting the grid lines orthogonal to the predominant flow in the region of interest and by employing a second-order upwind differencing method [Spalding, 1979 [Spalding, , 1980 .
Boundary Conditions
In all simulations, the continents are modeled as regions of prescribed velocities, corresponding to the half spreading rate of the system, 37 mm yr -1. The continents extend from the boundary condition is also adiabatic with only incoming material having a prescribed temperature [Spalding, 1979 [Spalding, , 1980 . Thus the temperature at this boundary is not "fixed," resulting in a more natural way of specifying temperatures on an artificial boundary within a larger convecting system [Spalding, 1980] . 
Benchmarks of the Finite-Volume Algorithm
To ensure that our numerical algorithm is applicable to mantle flow problems, we benchmarked our finite-volume implementation against results of analytic corner flow [Batchelor, 1967] In all simulations we track the composition of material within our domain using (4). To predict the volcanic (surface) expression of the Indian-Pacific isotopic boundary, we plot the maximum westward displacement of the boundary at the axis on the seafloor for a given time step. This parcel of seafloor then moves off-axis as part of the lithosphere. Thus the predicted isotopic boundary on off axis seafloor is the maximum westward displacement of Pacific mantle beneath the ridge axis at the time the seafloor formed. This predicts the surface expression of the isotopic boundary that would be observed by off-axis dredging or drilling. For the constant viscosity simulation, this calculation demonstrates that the along-axis flow present is insufficient to advect the IndianPacific isotopic boundary from its initial position within the Tasman transform complex to its present axial location within the AAD (Figure 6 ).
To compare our solutions with the along-axis flow velocities inferred from the traces of propagating rifts, we also calculate the horizontal trace of a particle that is initially at the George V fracture zone 25 Ma and that is confined in the subaxial melting region at a depth of •-50 km. Thus we assume that propagating rifts are tied to melting anomalies which are advected along axis. As for the isotopic boundary, the calculated propagating ridge trace does not match inferred along-axis flow velocities (Figure 6 ). The trace migrates in The AAD has been proposed as a location of large-scale mantle downwelling beneath the global ridge system based on geoid to topography ratios from this region and patterns of residual depth anomalies [Marks et al., 1990 [Marks et al., , 1991 . Anomalously cool upper mantle beneath the AAD does result in a negative buoyancy force which tends to retard upwelling in this region. However, our simulations show that actual downwelling is not required within the upper 400 km to reproduce the geophysical and geochemical constraints. Our results suggest that the mantle beneath the AAD is not downwelling but, rather, upwelling more slowly than the surrounding mantle beneath the SEIR (Figures 10 and 14) . Slower upwelling of cool mantle would result in lower extents of decompressional melting, consistent with geochemical signatures of basaltic samples taken from this region [Pyle, 1994] . It would be pointless for us to refine our model further to match the migration rate and intensity of the residual depth anomaly since these characteristics are essentially determined a priori by the bottom temperature boundary condition. Our models do show appreciable along-axis flow at 400 km depth, even quite close to the AAD (Figures 10 and 14) . It can be argued that this flow would tend to steepen the along-axis temperature gradients and compress'the margins of the AAD. Indeed, the residual depth anomaly does appear to have a slight "hourglass" shape superimposed upon the V shape resulting from westward migration (Figure 4) . However, such arguments are very speculative because the initial geometry of the mantle thermal anomaly causing the AAD is completely unconstrained.
Along-Axis Asthenospheric Flow and Melting
Beneath the SEIR We demonstrate that gradients in upper mantle temperatures strongly influence the structure of flow in a temperature-and pressure-dependent viscosity regime. Although focused on a much more localized scale than that which we address, Vogt and Johnson [1975] [Klein and Langrnuir, 1987] of adiabatic decompressional melts. In regions that contain significant along-axis flow, our models predict that warmer upper mantle can be advected into the low-viscosity region beneath the ridge axis (Figures 10 and 14) . The low-viscosity region also corresponds to the melting region beneath mid-ocean ridges, and thus warmer upper mantle will be advected into the melting region. This process results in the presence of relatively warmer upper mantle within the melt column overlying a relatively cooler deeper mantle (Figure 10 (bottom) and Figure  14 (bottom)) and thus subdues the effects of regional alongaxis temperature variations. The net effect is to produce a temperature inversion in the subaxial mantle so that temperatures in the shallow mantle are warmer than would be expected from simple two-dimensional upwelling.
In addition to placing warmer asthenosphere over cooler mantle, our models suggest that significant along-axis motion of residuum mantle occurs within the melting region beneath the ridge axis owing to the regional mantle temperature variations. Assuming melt segregates from the matrix at moderate depths within the melting column, this scenario also departs from the a two-dimensional melt column where both residuum and partial melt remain in the same vertical plane. In our model, residuum within the melting column follows a complex path through the melting region and results in a "tilted" residual column.
Assuming that the depth of compensation of mid-ocean ridges extends to approximately 100-200 km [Forsyth, 1992] , average axial depths will be dependent on the integral of the warmer overlying and cooler underlying mantles (Figures 10  and 14) . On the other hand, the melting process will reflect only the presence of warmer mantle within the melting region.
The combined result would lead to higher extents of melting, lower Na8.0, higher Fe8. 0 values, and shallower axial depths than would be observed in the absence of along-axis flow.
Further, the advection of already-melted mantle into the cooler regions would result in a relatively more depleted overlying melt column. The net result would be a muting of the "global correlation" between Na8. 0, Fe8. 0, and axial depth reported by Klein and Langrnuir [1987] in regions where temperaturedriven, along-axis asthenospheric flow exists (Figure 16 ). Such a signal may be observed in the SEIR between 89 ø and 112øE, which shows significant variation in axial depth at a constant spreading rate, yet smaller variations in Na8.0 and Fe8. 0 than would be expected from a simple global correlation viewpoint . 
